The chromoelectric dipole moment of the top quark is calculated in a model with a vector like multiplet which mixes with the third generation in an extension of the MSSM. Such mixings allow for new CP violating phases. Including these new CP phases, the chromoelectric dipole moment that generates an electric dipole of the top in this class of models is computed. The top chromoelectric dipole moment operator arises from loops involving the exchange of the W, the Z as well as from the exchange involving the charginos, the neutralinos, the gluino, and the vector like multiplet and their superpartners. The analysis of the chromoelectric dipole moment operator of the top is more complicated than for the light quarks because the mass of the external fermion, in this case the top quark mass, cannot be ignored relative to the masses inside the loops. A numerical analysis is presented and it is shown that the contribution to the top EDM could lie in the range (10 −19 − 10 −18 ) ecm consistent with the current limits on the EDM of the electron, the neutron and on atomic EDMs. A top EDM of size (10 −19 − 10 −18 ) ecm could be accessible in collider experiments such as at the LHC and at the ILC. 
Introduction
The electric dipole moment (EDM) of elementary particles provide an important window to possible new sources of CP violation (For recent reviews see [1] ). This is so because in the Standard Model the EDM of an elementary particle is rather small. Thus for the top quark the EDM in the Standard Model is estimated to be less than 10 −30 ecm [2, 3, 4] and outside the realm of experiment in the foreseeable future (For a review of CP violation in top physics see [5] ). However, much larger EDMs for elementary particles can arise in new physics models.
One such model considered recently was where one has extra vector like generations which can mix with the third generation [6, 7, 8] . Extra vector like generations can arise in many unified theories of particle physics [9, 10] and if their masses lie in the TeV range they could mix with the third generation and produce observable effects. Such mixings are consistent with the current precision electroweak data [11] and thus the implications of such vector like multiplets have been analyzed in a number of works [12, 13, 14, 15, 16, 17, 18, 19, 20] . In [8] an analysis of the electric dipole operator for the top quark was given arising from the exchange of the extra vector like generations in the loops and it was found that a significantly larger EDM top EDM of this size lies within the realm of future experiment [21, 22, 23, 24] . The role of EDMs in a variety of processes such as e + e − → tt, γγ → tt and other phenomena have been investigated by a number of authors [22, 25, 26, 27, 27, 28, 29] and thus the EDM of the top is of significant interest.
The outline of the rest of the paper is as follows: In Sec.(2) we define the chromoelectric dipole moment of the quark and its connection with the electric dipole moment. In Sec. (3) we give an analysis of the EDM of the top allowing for mixing between the vector like multiplet and the third generation quarks in the underlying model discussed in [8] . 
Chromoelectric dipole moment of the top quark
The chromoelectric dipole momentd C is defined in the effective dimension 5 operator
where T a are the SU (3) generators and G µνa is the gluon field strength. The contribution of this operator to the EDM of quarks can be computed using dimensional analysis [30] .
This technique can be expressed using the "reduced" coupling constant rule. Thus the contribution of chromoelectric dipole moment operator to the EDM of the quarks is given as follows
The alternative technique to estimate contributions of the chromoelectric operator is to use the QCD sum rules [31] . We note that the analysis of the top EDM is more complicated relative to EDM of the light quarks and of the light leptons (see e.g., [32, 33] ) because we cannot ignore the mass of the external fermion (i.e., of the top quark in this case) compared to the masses that run inside the loops. So the form factors that enter the analysis of the top EDM are more complicated relative to the form factors that enter the EDM of the light quarks, since for the case of the top the loop integrals are functions of more than just one mass ratio.
Top CEDM from exchange of vector like multiplets
Using the formalism of [8] , one can compute the contributions to the chromoelectric dipole moment of the top quark. There are several contribution to it arising from the exchange of the charginos, of the neutralinos, of the gluinos and of the W and Z boson. CP violation in these diagrams enters via the mass matrices involving the third generation and their mirrors and similarly via the mass matrices involving their superpartners and via the interaction 
Chargino exchange contribution
The chargino exchange contribution to the chromoelectric dipole moment of the top quark arises through the left loop diagram of Fig.(1) . The relevant part of Lagrangian that generates this contribution is given by
where
whereD b is the diagonalizing matrix of the 4 × 4 sbottom mixed with scalar mirrors mass 2 matrix as defined in the appendix of [8] . These elements contain CP violating phases can also contribute to the chromoelectric dipole moment of the top. The couplings κ f are defined
Here U and V are the matrices that diagonalize the chargino mass matrix M C so that
Using the above interaction, we get from the left loop diagram of Fig. (1) the contributioñ
where I 3 (r 1 , r 2 ) is given by
We note that the limit of I 3 (r 1 , r 2 ) for r 2 ∼ 0 is the well known form factors B(r 1 ) in the case of light quarks [33] . While our analysis is quite general we will limit ourselves for simplicity to the case where there is mixing between the third generation and the mirror part of the vector multiplet. The inclusion of the non-mirror part is essentially trivial as it corresponds to an extension of the CKM matrix from a 3 × 3 to a 4 × 4 matrix in the standard model sector and similar straightforward extensions in the supersymmetric sector. In the rest of the analysis we will focus just on the mixings with the mirrors which is rather non-trivial.
Neutralino exchange contribution
The neutralino exchange contribution to the chromoelectric dipole moment of the top quark through the right loop diagram of Fig.(1) . The relevant part of Lagrangian that generates this contribution is given by
given by
Here
and where the matrix X diagonlizes the neutralino mass matrix so that
Using the above interaction, we get from the right loop diagram Fig.(1) the neutralino contributions to the top chromoelectric dipole moment to bẽ
Gluino exchange contribution
The gluino contribution to the chromoelectric dipole moment of the top comes from the two loop diagrams of Fig.(2) . The relevant part of Lagrangian that generates this contribution is given by
where where ξ 3 is the phase of the gluino mass.
The above Lagrangian gives a contributioñ
where I 5 (r 1 , r 2 ) is given by
We note that the limit of I 5 (r 1 , r 2 ) for r 2 ∼ 0 is the well known form factors 3C(r 1 ) in the case of light quarks [33] .
W and Z exchange contributions
The W boson exchange contribution to the chromoelectric dipole moment of the top quark arises through the left loop diagram of Fig.(3) . The relevant part of Lagrangian that generates this contribution is given by
where i, j run over the set of quarks and mirror quarks including those from the third generation and from the vector multiplet, t 1 is the physical top quark, and D diagonalizing matrices defined in the appendix of [8] . These matrices contain phases, and these phases generate the chromoelectric dipole moment of the top quark. Using the above interaction, we get from the left loop diagram of Fig.(3) , the contributioñ
Here Γ tb i is given Γ
and I 1 (r 1 , r 2 ) is given by
Finally we consider the right loop of Fig.(3) which produces the chromoelectric dipole moment of the top quark through the interaction with the Z boson. The relevant part of Lagrangian that generates this contribution is given by
Using the above interaction, we get from the right loop of Fig.(3) , the contributioñ
The total chromoelectric dipole moment of the top in the model is then given by the sum of the contributions computed in this section so that
4 Parameter space of the model and CP phases 
Thus the mixing between t and T is parameterized by the angles θ L , θ R , χ L and χ R where the angles θ L , θ R are given by
and χ L and χ R are the CP violating phases defined by
Similarly
where the mixing between b and B is parametrized by the angle φ L , φ R , ξ L and ξ R . Here the angles φ L and φ R are given by and the phases ξ L,R arise from the couplings h 4 and h 3 through the relations
For the case of top and bottom masses arising from hermitian matrices, i.e., when h 5 = −h * 3 and gluino sectors need the extra parametersm 1 ,m 2 and mg. We will assume that the only parameters that have phases in the above set are A T , A B , A t and A b with the corresponding phases given by α T , α B , α t and α b . 
Numerical estimate of the CEDM of the top
To simplify the analysis further we set some of the phases to zero, i.e., specifically we set α t = α b = 0. With this in mind the only contributions to the chromoelectric dipole moment CEDM of the top quark arises from mixing terms between the scalars and the mirror scalars, between the fermions -and the mirror fermions and finally among the mirror scalars themselves. Thus in the absence of the mirror part of the lagrangian, the top CEDM vanishes and so we can isolate the role of the CP violating phases in this sector and see the size of its contribution. The 4 × 4 mass 2 matrices of stops and sbottoms are diagonlized numerically. Thus the CP violating phases that would play a role in this analysis are
To reduce the number of input parameters we assumeM a = m 0 , a = q, B, b, Q, T, t and
In the left panel of Fig(4) , we give a numerical analysis of the top EDM and discuss its variation with the phase α B . We note that the only component that varies with this phase is the chargino component. This is expected since α B enters the scalar bottom mass 2 matrix and the chargino contribution to the EDM is controlled byD b which depends on α B while the other contributions are independent of this phase. Further, the chargino component exhibits a minimum where the different terms of it can have destructive cancellation. In the right panel of Fig(4) , we study the variation of the different components of d t on the phase α T . We observe that the components that vary with this phase are the neutralino and the gluino contributions while the W, Z and chargino contributions have no dependence on this phase. The reason for the above is that α T enters the scalar top mass 2 matrix and the EDM arising from W, Z and chargino exchanges are independent ofD t .
However, the neutralino and the gluino contributions are affected by it. It is clear that we see here the cancellation mechanism [32, 33, 34, 35] . working since the components are close to each other with different signs, so we have the possibility of a destructive cancellation.
In the left panel of Fig(5) , we show the behavior of the different components of the chromoelectric dipole moment contributions to the top EDM as a function of the phase χ 3 .
We note that A comparison between the contributions of the chromoelectric dipole moment operator of the top EDM and that of the electric dipole moment operator [8] , shows that they could be the same order of magnitude with like or unlike signs. That would provide an extra element for constructive or destructive interference of EDM components. To exhibit this, we give in Table 1 Constraints on the top chromo EDM have been obtained using the combined CDF and DØ data and the CMS and ATLAS data on the total tt pair production cross section in [36, 37] . Further, it is shown in [38, 39] that with 10fb −1 of data at √ s = 14 TeV at the LHC a 5σ statistical sensitivity to a top quark chromo electric dipole moment of about 5 × 10 −18 g s .cm can be reached.
Conclusion
Currently the physics at the TeV scale is largely unknown and it is hoped that the LHC will provide us with an insight in this energy regime. It is fully conceivable that this energy regime contains extra anomaly free vector like quark multiplets which can mix with the third generation. In this work we analyze the effect of this mixing on the chromoelectric dipole moment of the top quark. In this case one finds that there are contributions that arise from the exchange of the extra vector like multiplets in the loops. We specifically focus on the exchange of the mirrors since their exchange can produce more dramatic contributions. Several sets of diagrams were computed for this analysis. These include the chargino exchange, the neutralino exchange, the gluino exchange as well as exchange of the W and the Z boson 
